With high temporal resolution (12 s) of about two hours duration, data of a coronal hole structure in 171Å, 193Å and 211Å taken from SDO/AIA images is considered for examination of oscillations. After estimating the total DN counts of a whole coronal hole structure in three wavelength bands, the resulting time series are subjected to FFT and wavelet analysis. Significant periods in all the three wavelength bands are detected that are mainly concentrated around 500 s as a fundamental mode and its odd (167, 100, 71, 56, 46, 39, 33, 29, 26, 24 s) harmonics. Computed phases in all the three wavelengths band are estimated to be constant.
Introduction
Apart from global oscillations of the Sun as a whole, other active regions of Sun also oscillate in different periods. Sunspots0 oscillations have been investigated in several works (Kentischer and Mattig, 1995; Lites, 1986; Bogdan, 2000 and references there in). Fleck et al. (1994) studied the solar oscillations with height using He I 10830Å in quiet solar atmosphere.
Since the launch of EUV telescopes in space, which have very good sensitivity and high spatial and temporal resolutions, coronal oscillations have been studied. As presented by Aschwanden (2003) , Table 1 gives a flavor of coronal oscillations as observed in the EUV window.
Detection of oscillations in the chromosphere and corona can help us in understanding the magnetic structure of the solar atmosphere, and may provide valuable insight into the unresolved coronal heating problem .
Following is a brief history of previous studies on detection of short ($ seconds to minutes) and long period ($ days) coronal oscillations. The 3-min oscillations are detected above sunspot regions, especially in the transition region (Fludra, 1999; Brynildsen et al., 1999; De Moortel et al., 2002) and, 5-min oscillations are detected in "nonsunspot" loops. Quasi-periodic oscillations in polar plumes were studied by Deforest and Gurman (1998) . O'Shea et al. (2006 O'Shea et al. ( , 2007 studied oscillations in plumes, interplumes and coronal holes in the polar regions of the Sun. Periodic oscillations (7-64 min) in coronal bright points are also detected (Ugarte-Urra et al., 2004a,b; . From the globally averaged radio fluxes (at 275, 405, 670, 810, 925, 1080 (at 275, 405, 670, 810, 925, , 1215 (at 275, 405, 670, 810, 925, , 1350 (at 275, 405, 670, 810, 925, , 1620 (at 275, 405, 670, 810, 925, and 1755 , Hiremath (2002) detected long period ($ days) quiet coronal oscillations.
Coronal holes (CH) are large regions in the solar corona that have low density plasma (Krieger et al., 1973; Neupert and Pizzo, 1974; Nolte et al., 1976; Zirker, 1977; Cranmer, 2009 and references therein; Wang, 2009) magnetic structures (Harvey and Sheeley, 1979; Harvey et al., 1982) and are connected to interplanetary space. One of the main reasons that CH are important to study is that they are the primary sites of acceleration of highspeed solar wind that has a significant influence on the Earth's ionosphere, auroras, and on the telecommunication systems (Hiremath and Mandi, 2004 and references there in; Hiremath, 2009; Hiremath and Hegde, 2013 and references there in), etc.
Purpose of this study is to investigate whether a largescale structure like coronal hole oscillates or not. Idea of this study is to examine if large-scale oscillations (rather than small spatial scales) of the coronal hole exist or not. This is equivalent to examining the global oscillations of the sun with small l (degree) modes, such as l ¼ 1 or l ¼ 2. As oscillations are in three dimensions, summing of intensity of all the pixels of the coronal hole on the surface is equivalent to examining the oscillations of the entire flux tube along the direction of axis of the coronal hole flux tube. Although small spatial scale oscillations and hence phases of the coronal hole observed at corona cancel along the direction parallel to the photosphere, oscillations of large length scale ($ of dimension of visible diameter of the coronal hole) that have same phase at different heights in the corona may exist. Aim of the present study is to probe such oscillations of the coronal hole if exist.
In the present study, using SDO/AIA data, total intensity (DN counts) of the coronal hole structure in three wavelength bands is examined for the oscillations. Structure of this manuscript is as follows. Section 2 introduces data and analysis technique. In Section 3 we present results. In Section 4, with a brief discussion on the nature of detected oscillations, concluding remarks are presented in Section 5.
Data and analysis
Data is taken from Atmospheric Imaging Assembly (AIA) instrument on board the Solar Dynamics Observatory (SDO). The instrument provides continuous data of the full Sun with four 4096 X 4096 detectors with a resolution of 0.6 arcsec/pixel. AIA observes at ten different wavelength channels in which three are UV-visible channels and seven are EUV channels (94 Å (Fe XVIII), 131 Å (Fe VIII, XX, XXIII), 171 Å (Fe IX), 193 Å (Fe XII, XXIV), 211 Å (Fe XIV), 304 Å (He II) & 335 Å (Fe XVI)) respectively. This observational spectral range covers coronal temperature structure from $ 0.6 million°K to $ 16 million°K. AIA records near-simultaneous images in each temperature filter with a sustained cadence of currently 12 s. Other details about the instrument can be found in Boerner et al. (2012) .
With the help of "Spaceweather.com" website, presence of coronal hole (CH) is confirmed and, from AIA web (http://www.lmsal.com/get_aia_data/) cut-out service, CH image is separated for further analysis. This data set contains images observed from 05:00 to 07:00 h UTC on February 08, 2011, in 171Å, 193Å and 211Å pass bands. Cadence of this data set is 12 s. Further, images with embedded coronal hole data is calibrated using aia_prep.-pro. Fig. 1(a) illustrates a typical full disk image of sun taken on February 08, 2011, 05:11:50 UT. Following the method of Hiremath and Hegde (2013) , for images of CH, in each wavelength region, threshold intensity (DN counts) for detecting CH boundary is estimated as follows.
In order to extract physical parameters of CH from the cut-out images, we use FV interactive FITS file editor (http://heasarc.gsfc.nasa.gov/docs/software/ftools/fv/). Depending upon shape of the CH, from the FV editor, a circle or an ellipse is drawn covering the whole region of CH and, average DN counts (intensity) (that is set as a threshold for detecting the boundary) of CH is computed for detecting the boundary (private communications with Prof. Aschwanden). Similar to Karachik and Pevtsov (2011) , for some of the CH images, threshold is modified to match the visually estimated boundary. This method yields results consistent with the previous intensity histogram methods (Krista and Gallagher, 2009; Krista, 2011; de Toma, 2011 and references there in EIT Schrijver et al. (2002) 171, 195 -TRACE Aschwanden et al. (2002 ) 171, 195 120-1980 TRACE De Moortel et al. (2002a 171, 195 282AE93 (prop.) TRACE the minimum (10 DN counts, well above the 3r level and the read out noise of 1.1 DN counts, as described in Section 3; where r is standard deviation of DN counts of CH) and the maximum ($ threshold values that are used for detecting boundary) DN counts. Following Yuan and Nakariakov (2012) , see Eq. (3), even if we consider other errors, total noise in each pixel can not exceed the noise of 3 DN counts for all the wavelengths. Coronal hole (longitude $ 23°East of central meridian and latitude $ 31°North of equator) considered for this study with a boundary detected and marked by white contours is presented in Fig. 1(b) . As white color is used only for demarcation of boundary of the coronal hole, one should not confuse with the white color of the original image intensity scale as shown in the colorbar. Total number of pixels and total number of DN counts corresponding to each CH image with in a marked boundary are computed.
As we consider the derotated images for the analysis, there may be a possibility that artificial saw-tooth like signals from the jerks may be introduced by the spacecraft. If such artifacts are present, one would expect periodic sawtooth like signals in the space-time map. In order to check whether such artifacts are present in the signal, we computed space-time map for different parts of CH image as follows.
Four positions (with numbering 1, 2, 3 & 4), two at the boundary and two in the interior of the CH, are considered ( Fig. 1(b) ) and artificial slits are drawn. With a width of 10 pixels (%6 00 ), following slits with different lengths that cover from the Eastern and Western boundary of CH are considered. Lengths of four slits are: for 1st slit it is 301 pixels (%180 00 ), 2nd slit it is 301 pixels (%180 00 ), for the 3rd slit it is 201 pixels (%120 00 ) and for the 4th slit it is 131 pixels (%78 00 ) respectively. Along lengths of different slits, width of 10 pixel DN counts are averaged for every 12 s and space-time maps are created and are presented in Fig. 2 In order to rule out that main contribution for the oscillations of CH is mainly due to boundary of CH where there is a transition between the CH and the oscillating ambient medium, following method is adopted. At each location along the length of artificial slits, grand average and standard deviation (r) of DN counts are computed. After subtracting grand average from the individual average, resulting difference is divided by r for the normalization. In this way one can detect, positive and negative deviations from the grand averages. Off course one should not confuse Fig. 2(a) illustrates space-time maps for the artificial slits at the boundaries and in region of coronal hole as indicated in Fig. 1(b) . Fig. 2(b) illustrates the normalized space-time difference maps for the same slits. In order get absolute value of amplitude of oscillations, in Fig. 2(b) , for each difference map grand average ('avg') and standard deviation ('stddev') of the DN counts are also over plotted.
with negative oscillations and it means oscillations that have amplitudes smaller than the grand average. In Fig. 2(b) , we present such normalized difference space-time maps. For checking the absolute value of amplitude of oscillations, for each map, values of grand average and standard deviation are over plotted in Fig. 2(b) . Similar kind of space-time and normalized maps are computed for 171Å, 193Å waveband also and they resemble Fig. 2(a) and (b) respectively. Fig. 2(b) clearly shows dominant oscillation patterns (positive and negative oscillations) inside CH rather than at the boundaries of CH indicating that major contribution to the oscillations is coming from inside region of CH only.
Results
Once we confirmed that oscillation is real and it is mainly due to CH only, for the continuous two hour duration of the data set, using the method mentioned above, we estimate total DN counts of the region of coronal hole in three different wavelength bands (171Å, 193Å and 211Å). These total DN counts, for three wavelengths, with respect to time are illustrated in Fig. 3(a) (on the left side, first column).
One can notice that for wavelengths 193Å and 211Å, during particular periods of time there are sudden bumps in the light curves that are probably due to occurrence of either bright points inside the CH or sudden input of energy of unknown origin from the surrounding regions of CH. Infact we checked each image during periods of bumpy light curves and found emerging bright points and brightening of whole CH. On the other hand, in between peaks of those bumpy light curves, similar oscillation patterns (as found during normal light curve periods) are also detected. Further, when trend from the original data set is removed, clearly and distinctly, one can notice the oscillation patterns as illustrated in Fig. 3(b) . As for removal of trend, we applied a Savitzky-Golay (SAVGOL) smoothing filter (that preserves both low and high peak oscillations; Chen et al., 2004; Press et al., 1992) in order to get a smooth curve (is obtained from IDL SAVGOL routine) that is subtracted from the original light curve.
There are two primary sources (Boerner, private communication) of noise in the images; there is a readout noise of $ 1.1 DN in each image, and a shot noise. Shot noise is dominant except in very faint regions like coronal hole. A calculation of flux error analysis in AIA image is done by Yuan and Nakariakov (2012) . From this study we find that the detected signal (Fig. 3(b) ) of temporal DN count variations in all the three wavelength bands is above the noise level.
Thus, resulting data set in all the three wavelengths band are subjected to FFT and wavelet analysis. Results of power spectrum and phase analysis are illustrated in Fig. 4(a) and (b) respectively. Standard deviations in each power spectrum are computed and periods are detected if power is P1 r level. Detected periods are shown in each spectral peak of the FFT plot (Fig. 4(a) ). Prominent peaks that have statistically significant periods (500, 167, 100, 71, 56, 46, 39, 33, 29, 26 s) are detected.
Further to check whether oscillations of CH are distinct from QS region, three box regions in CH and three box regions in QS (Fig. 1(c) ) are subjected to FFT analysis. We find similar (if we consider CH as a whole flux tube) odd harmonics for all the three wavelengths of each box considered in CH. Whereas in QS, as expected, different long periods ($ "120 min" and its all the harmonics) and different periods around "3 min" are obtained. Probably QS coronal oscillations of long period ($ "120 min") are like atmospheric gravity modes of chromosphere as claimed by the previous studies (Dame et al., 1984; Kariyappa et al., 2006 ) and short period (around "3 min") oscillations are like chromospheric oscillations detected previously (Jensen and Orrall, 1963; Dame et al., 1984; Kariyappa et al., 1994) . By using SDO/AIA data, such short period oscillations are also detected in the active region loops (Liu et al., 2011) in the corona. We also computed phases of these oscillations for different boxes in CH and QS. In CH, phases are constant in all the three wavelengths. Whereas, for all the three wavelengths in QS, phases of long periods, especially around "120 min" remain approximately constant. Whereas small periods, especially around "3 min", have random phases suggesting propagating waves in the corona. Thus from this periodic analysis, our conclusion is that, with odd harmonics, oscillations of CH are distinct.
In order to check whether detected periods in CH as a whole are continuous, we also performed wavelet analysis. In Fig. 5(a) -(c), we illustrate wavelet power spectrum for the 171Å, 193Å and 211Å wavelengths respectively. One can notice from the wavelet analysis that at the detected periods from the FFT, there is a enhancement of power in the wavelet spectrum. Whereas power concentrated in the hatched region of the wavelet power spectrum is the result of adding zeros to the data set before computing the wavelet spectrum and is not considered to be significant (see the method of obtaining the wavelet transform at the website: http://paos.colorado.edu/research/wavelets/ developed by Torrence and Compo). Thus one has to consider the concentrations of the power above the hatched region as real signals of oscillations.
Discussion
Before understanding nature (propagating or standing oscillations) of these detected oscillations of CH, we crudely estimate the heights of line formation and the height difference by the following two ways: (i) Having the information of temperature structure from the instrumental response function ($ 6.5Â 10 5 K for 171Å, 1.5Â 10 6 K for 193Å and 2Â 10 6 K for 211Å as given by AIA/SDO website) and, assuming that coronal hole and ambient temperature structures are almost same, from the graph (see for example Fig. 2 of Yang et al., 2009 ) that illustrates the relationship between the temperature and heights in the corona, we estimate different heights of line formation for all these three wavelengths. We find that difference in height of line formation between the minimum (at 171 Å ) and the maximum (at 211 Å ) heights is estimated to be $ 30% R (where R is the radius of the sun).
(ii) We also estimate the height difference (between one wavelength to another wavelength) in different way as given in the following. If we accept that coronal hole is a magnetic flux tube, increase in height from photosphere to corona results in decrease of ambient pressure of the corona, then CH flux tube must expand leading to increase in area and decrease in the radiative flux. Infact, we also checked this reasoning by computing average areas and intensity (DN counts) of images for different wavelengths that yield the following results. Average areas of CH for three wavelengths are: (i) ð0:500 AE 0:002Þ Â 10 20 cm 2 for 171Å , (ii) ð0:980 AE 0:008Þ Â 10 20 cm 2 for 193Å and (iii) ð1:061 AE 0:010Þ Â 10 20 cm 2 for 211Å. As for average intensity, computed average DN counts are: (i) (89.509 AE 0.011) for 171Å, (ii) (53.852 AE 0.023) for 193Å and, (iii) (22.262 AE 0.009) for 211Å.
With this confidence in our reasoning (that with increasing heights area increases and intensity decreases), from Parker's flux tube model (Parker, 1955 ; also see the details in Hiremath and Lovely, 2007; Hiremath and Lovely, 2012) further we estimate height (from the wavelength 171Å that has a minimum area to the wavelength 211Å that has a maximum area) of CH flux tube as follows.
If we assume CH as a Parker's flux tube, then strength of magnetic field B varies as P (a) (b) Fig. 3 . Fig. 3(a) , leftside column, illustrates light curves in all the three wavelengths. While Fig. 3(b) shows respective temporal variations of total DN counts of the coronal hole structure after removing the trend.
are corresponding areas at two heights) which in turn can be written as ðP e1
Further, if we assume that ambient atmosphere is in hydrostatic equilibrium, then P e2 ¼ P e1 expðÀz=H Þ (where z is a height variable and H is pressure scale height). Ultimately conservation of magnetic flux yields formula for height difference z ¼ 2HlnðA 2 =A 1 Þ of the flux tube between minimum and the maximum areas respectively.
Hence, by knowing measured areas (of the flux tube at two different wavelengths (or heights)) and the pressure scale height H, one can compute the height of flux tube. For the corona and according to Aschwanden (2005) , H can be approximated as $ 5 Â 10 9 ðT e =1MKÞ cm (where T e is an external ambient temperature structure). For computation of scale height, average temperatures of all the three wavelengths are considered and the respective height difference between the wavelengths 171Å and 211Å is estimated to be $ð9:75 AE 0:065Þ Â 10 4 kms which is roughly equal to 14% of the solar radius. One can notice that the height differences estimated by both the methods are almost same ($10 5 kms). In order to verify whether detected oscillations in CH are propagating disturbances (traveling waves) or standing oscillations, in all the three wavelength bands, phases of these oscillations are computed and are presented in Fig. 4(b) . One can notice from Fig. 4(b) that, in CH, phases for the all three wavelengths remain approximately constant during the period of observation. For constant phases of these oscillation, we have following two possible interpretations that are to be verified by future studies.
If one accepts CH as a Parker's flux tube, there is a height difference (between 171Å and 211Å) and it is reasonable to conclude that detected oscillations are "standing oscillations". There is also a possibility that the signals observed in different channels could have come from the same height if the plasma is filamented in the horizontal direction (Van Doorsselaere et al., 2008) .
Concluding remarks
To conclude this study, with a high cadence (12 s), coronal hole structure in three (171Å, 193Å and 211Å) wavelengths band as observed by SDO/AIA is considered for examination of oscillations. Boundary of CH is detected, total DN counts of a whole coronal hole structure in three wavelength bands is estimated. After removing the trend and conforming that oscillation signal is real and it is mainly due to CH, resulting time series are subjected to FFT and wavelet analysis. It is found that in all the three wavelength bands statistically significant periods (500, 167, 100, 71, 56, 46, 39, 33, 29, 26, 24 s) are detected. It is interesting to note that, from the detected periods, if we consider 500 s as the fundamental mode and other detected periods are found to be odd harmonics. For the verification of nature of detected oscillations, phases in all the three wavelengths are computed and it is found that phases of oscillations in three wavelength bands are constant. Possible two interpretations for detected oscillations in CH are presented. Although temporal oscillations due to whole CH flux tube are detected, it is also interesting to examine whether spatial scale oscillations of whole CH for all these three wavelengths exist or not.
